JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. Abundant nitrogen improves seedling growth and establishment. Vigorous growth brings about changes in rates and patterns of plant development and changes in the relationship between primary and secondary metabolism, which may make seedlings more susceptible to herbivores and pathogens than are slow-growing seedlings. We studied how nitrogen fertilization and manual defoliation of source leaves affect growth, carbon allocation, and developmental instability in cloned seedlings of white birch (Betula pubescens Ehrh.). Biomass was higher, whereas concentrations of most classes of phenolic compounds were lower in the nitrogen-rich environment. Interestingly, fertilization did not change the concentrations of cell wall-bound proanthocyanidins, which represent an important fraction of the group of phenolic compounds. Nitrogen enrichment increased levels of fluctuating asymmetry, an index of developmental instability. This result confirms that not only stress but also any deviation from normal resource availability may increase leaf developmental instability in birches. In contrast to fertilization, a one-time defoliation of source leaves did not shape seedling growth, development, or carbon allocation. This could be the result of compensatory growth or of the fact that the defoliation treatment was not strong enough to induce detectable effects until the end of the growing season.
Introduction
Plant succession rates and modes are dependent on nitrogen availability (Grime 1979) . Adequate availability of nitrogen promotes vigorous growth for colonizing species, and these species are thereby able to establish their position and to reach maturity. The performance of a young plant is also dependent on resource allocation between growth and resistance. One trade-off of vigorous growth in establishing seedlings is that fast-growing plants tend to allocate fewer resources to secondary compounds, and thus, they have a lower level of resistance to herbivores and pathogens. Indeed, this is a scenario that has been predicted by two important ecological hypotheses, the carbon nutrient balance hypothesis (CNB; Bryant et al. 1983 ) and the growth differentiation balance hypothesis (GDB; Herms and Mattson 1992) . For woody plants such as birches, which produce mainly carbon-based secondary compounds, both hypotheses predict that allocation to resistance will be diminished if carbon assimilation is reduced or if the carbon pool is primarily used for growth. Recently, proposed a hierarchical model of carbon allocation to carbon-based secondary compounds in woody plants, a model that integrates CNB and GDB. According to this model, changing resource levels will have measurable effects predicted by CNB and GDB at a high (growth and amounts of excess carbohydrates) or intermediate (carbon al-1 Author for correspondence; telephone 358-2-3335722; fax 358-2-3336550; e-mail kyolem@utu.fi. Manuscript received June 1999; revised manuscript received September 1999. location to secondary compounds or storage) hierarchical level but not at the lowest levels (major classes or individual carbonbased secondary compounds).
Another mechanism that can serve to detect a trade-off of vigorous growth is developmental instability, which results from the inability of developmental processes to buffer against small random errors (Palmer 1994) . Fertilization can affect developmental rates (Wait et al. 1998) , and fast-growing plants have a higher number of cell divisions (Atkinson and Sibly 1997) . Moreover, the flow of developmental information among cells and cell groups may be less regular and may thus be insufficient in rapidly growing organisms (Møller and Pagel 1998) . Martel et al. (1999) suggested that developmental instability is possible under any condition in which the normal developmental trajectory is altered. Thus, we may expect developmental instability under environmental stress (Kozlov et al. 1996; Wilsey et al. 1998) and under conditions in which growth is rapid (Martel et al. 1999) . In fact, vigorous growth in establishing seedlings may also indirectly increase developmental instability by increasing exposure to herbivore-induced stress. Therefore, combining allocation patterns and developmental instability could be more reliable to detect trade-offs of rapid growth.
In this study, we tested the effects that changing resource levels by nitrogen fertilization and manual defoliation of source leaves had on growth, carbon allocation, and developmental instability. More specifically, we tested the following hypotheses: (1) concentrations of carbon-based secondary compounds are reduced when nutrients (e.g., nitrogen) are abundant (CNB/GDB); (2) specific classes of carbon-based sec-120 INTERNATIONAL JOURNAL OF PLANT SCIENCES ondary compounds respond differently and unpredictably to resource availability (hierarchical model); and (3) rapid growth caused by high resource levels leads to high developmental instability. We used cloned seedlings of Betula pubescens Ehrh., and our index of developmental instability was leaf fluctuating asymmetry (FA), which reliably reflects the effects of altered environmental conditions on birches (Kozlov et al. 1996; Wilsey et al. 1998; Martel et al. 1999) . Our study revealed new aspects of plant development and carbon allocation under varying nutritional conditions using genetically controlled seedling material.
Material and Methods

Study Species
White birch (Betula pubescens Erhr.) is one of the first colonizers among woody plants in primary and secondary succession sites in northern Europe (Atkinson 1992) . Seedling establishment is limited by a large assemblage of herbivores; therefore, the balance between vigorous growth and efficient resistance is crucial for birch colonization. Phenolic compounds are the major group of secondary metabolites in birch foliage (Ossipov et al. 1997) . The major groups of phenolic compounds differ in their seasonal variation, as gallotannins have high concentrations in the early season accompanied by a declining trend, whereas condensed tannins have relatively low concentrations in young leaves and the highest concentrations in mature leaves.
Clone Material and Seedling Propagation
Betula pubescens clones 1-11, 11-19, HA02, HA04, and HA15 originated from natural trees near Harjavalta, southwest Finland. Micropropagation of clones was started at Kuopio University, Department of Biochemistry and Biotechnology. Buds collected from trees in Harjavalta were surface sterilized with 70% ethanol and 4% sodium hypochlorite and planted on agar-based woody plant medium (Utriainen et al. 1997) . The buds that showed growth were transferred to new cultures using the same media. Continuing cultures were maintained at 22ЊC with artificial daylight (photosynthetic photon flux density 130 mmol m Ϫ2 s
Ϫ1
), with a photoperiod of 16 h of light per day. The cultures were propagated by cutting the growing seedlings into pieces and by replanting them in a new agar medium. Seedlings used in our study were taken from these cultures and were planted into a sterilized peat-sand mixture (Kekkilä Oy, Parkano); plants were grown in the greenhouse from December 28, 1995 , through January 5, 1996 . Small plastic growth chambers were used to maintain suitable growing conditions. Afterward, each seedling was transplanted to its own pot (volume, 3 L; diameter, 16 cm). After 7 wk, seedlings were subjected to a 4ЊC temperature with a photoperiod of 5 h of light per day in order to simulate the winter period. Seedlings were then transferred back to the greenhouse at the beginning of May in order to simulate birch growth under natural conditions. Photoperiod was 12 h per day, and temperature was maintained at a constant level of 18ЊC.
Experimental Setup
Treatments consisted of a control group and groups treated with nitrogen fertilization, defoliation of source leaves, and fertilization plus defoliation. The total number of seedlings was 60 (i.e., three replicates per clone per treatment). Pots with seedlings were randomly distributed in the greenhouse, and their places were changed four times during the experiment. The nutrient treatments were started on June 12, 1996, at which time nitrogen (NO 3 46%; Kemira Agro Oy, Helsinki) was applied at the rate of 1.15 g m Ϫ2 wk Ϫ1 throughout the 8-wk growing period (9.2 g m Ϫ2 total). In order to perform the defoliation treatment, we cut off one-half of the leaf, alternating leaves among the 20 lowest leaves (using scissors); we did so once at the beginning of the experiment. The total reduction of leaf mass was ca. 30%. Lower leaves were used because they are usually considered to be strong sources of photosynthate (Larson 1980; Kozlowski et al. 1991) . This method has the added benefit that it probably does not disturb the apical dominance and induce changes in growth patterns as readily as does the removal of apical leaves (Coleman and Jones 1991; Haukioja and Honkanen 1996) .
Harvesting
The plants were harvested on August 7-8, 1996, 1 wk after the last nutrient addition, and the seedlings had practically completed their development for the year. The number of leaves, leaf biomass, and stem mass was determined, and roots were washed, dried, and weighed. For each seedling, 10 leaves were randomly sampled for biochemical analyses, and another 10 leaves were used for FA measurements. FA was determined by measuring the width of the right and left halves of the leaf from the midvein to the leaf margin at the middle of the leaf. We calculated two FA indices: absolute and size-corrected , where L FA (FL Ϫ RF) F A ( FL Ϫ RF/size) represents the left-side distance (in cm) from the midvein to the leaf margin, R represents the right-side distance (in cm) from the midvein to the leaf margin, and size represents (Palmer and Strobeck 1986) . We measured both (L ϩ R)/2 indices because the fertilization treatment increased leaf size and because using only size-corrected FA could mask an association between the treatment and FA (Palmer and Strobeck 1986) . Seedling-specific means of both indices were used in the analyses.
Biochemical Analyses
Ten leaves per seedling, which had been collected randomly during the harvesting, were immediately placed in an insulated box that had been filled with ice, and leaves were transported to the laboratory. Plant material was vacuum dried, homogenized into powder, and stored in plastic vials at Ϫ20ЊC. Ca. 200 mg of the resulting powder was suspended in 10 mL of 70% aqueous acetone, allowed to stand for 1 h at room temperature (with continuous stirring), and centrifuged at 2500 g for 10 min. The pellet was reextracted two times. Acetone extract was reduced to the aqueous phase by evaporation at room temperature, and the resulting aqueous phase was frozen and lyophilized. A modification of the Folin-Ciocalteau method (Torres et al. 1987) content of phenolic compounds. Triplicates were used for each sample. The standard curve was prepared with known concentrations of gallic acid. Soluble proanthocyanidins were analyzed using the modified method of Terrill et al. (1992) for optimization of proanthocyanidins from birch leaves. The standard curve was prepared with known concentrations of proanthocyanidins, which were isolated from mature birch leaves and purified by preparative chromatography on Sephadex LH-20. Insoluble or bound proanthocyanidins were analyzed in the remaining acetone-insoluble residue using the same method used for soluble proanthocyanidins. All measurements were made in triplicate. Quantitative analysis of gallic acid in the hydrolysate of extracts was used for the determination of total gallotannins (Inoue and Hagerman 1988) . The rhodanine assay was standardized with gallic acid. Individual sugars (glucose, fructose, sucrose, and galactose) were quantified using a gas chromatographic method (Kallio et al. 1985) .
Statistical Analyses
In order to test the effects of clone, fertilization, and defoliation on all response variables, we used a three-way mixed model ANOVA. The clone was considered to be a random factor, whereas fertilization and defoliation were considered to be fixed factors. Multivariate analyses of variance (MAN-OVA) were performed first to determine the overall effects of the three factors within each class of response variables (biomass, leaf sugars, and leaf phenolics). Single-response-variable ANOVAs were performed if the MANOVA showed significance. This approach, which combines MANOVA and ANOVA, is a less conservative alternative to the sequential Bonferroni correction when multiple statistical tests are used to address a single hypothesis (Scheiner 1993 ). Pillai's trace statistics were used because this test is the most robust to violations of assumptions (Scheiner 1993) . Root : shoot ratio and total biomass were not included in MANOVA in order to avoid colinearity, and these values were therefore analyzed separately with single-response-variable ANOVAs. Ratios and concentrations were log transformed before the analyses to meet ANOVA assumptions. Analyses were performed according to the GLM procedure of SAS for Windows (SAS Institute 1990). Seedling-specific means were used in the analyses.
The presence of directional asymmetry or antisymmetry may affect FA indices and their interpretation (Palmer 1994) . In order to test for their presence in birch leaves, we used seedlingspecific means of signed asymmetry (L-R). The Shapiro-Wilk's test for normality and t-tests against a mean of zero were used to detect the presence of directional symmetry and antisymmetry, respectively. We did not detect the presence of directional asymmetry ( ) or antisymmetry ( ). P = 0.547 P = 0.874 Therefore, we concluded that neither directional asymmetry nor antisymmetry could complicate the interpretation of our results.
Results
Biomass Variables
There was an overall significant effect of clone and fertilization on birch growth and biomass allocation (table 1) . Almost all biomass variables showed clone-specific differences. The fertilization effect in MANOVA was significant in individual ANOVAs for leaf, stem, and total seedling biomass (table 1). All biomass variables increased with fertilization except root biomass, resulting in a reduced root : shoot ratio ( fig. 1 ). Fertilization had its strongest impact on stem biomass (increased by 89%), whereas leaf biomass increased by 73%. The result of this effect was an increase in final total biomass (65%) and a decrease in root : shoot ratio (49%). There was a significant interaction between the clone and the fertilization treatments on biomass variables, as shown by MANOVA (table 1), which indicated clone-specific responses. The interaction terms were significant in clone # fertilization individual ANOVAs for stem and total biomass and for root : shoot ratio. There was a significant and negative effect of defoliation on total biomass (11%), but there was not a significant and negative effect on the plant tissues when they were taken separately (table 1; fig. 1 ).
Carbon-Based Compounds
We found genetic variation in all leaf chemical constituents, as shown by the significant overall effect of clone in analyses of sugars and phenolics, as reflected by MANOVA (table 1) . Also, fertilization had a significant overall effect on leaf phenolics but not on leaf sugars (figs. 2, 3). Individual ANOVAs showed that concentrations of leaf total gallotannins, soluble proanthocyanidins, and total phenolics decreased significantly with fertilization when compared with control and resource depletion, whereas bound proanthocyanidin concentrations remained fairly constant across treatments ( fig. 3) . The highest decrease occurred simultaneously in soluble proanthocyanidins and total phenolics (28%); this was followed by a decrease in total gallotannins (13%). Defoliation did not have any significant effect on carbon-based compounds (table 1) .
Leaf Developmental Instability
Clone-specific differences that were apparent in other response variables were absent for leaf FA, thus indicating that there was no genetic variation in developmental stability (table  1) . Fertilization had a significant impact on leaf FA (table 1) . Values of absolute FA increased by 30% with fertilization ( fig.  4 ). There was no significant effect on leaf clone # treatment FA (table 1) . Also, defoliation did not have any significant effect on FA.
Discussion
Our experiment clearly showed that fertilization decreased foliar concentrations of most classes of carbon-based secondary compounds, which is in the line of CNB/GDB hypotheses (Bryant et al. 1983; Herms and Mattson 1992 ) and the hierarchical model of . Moreover, not only did fertilization improve aboveground growth and reduce root : shoot ratio, but it also increased developmental instability, which supports our hypothesis that rapid growth caused by high resource levels increases developmental instability. However, manual defoliation of source leaves had only a slight effect on overall growth, and it did not shape 122 INTERNATIONAL JOURNAL OF PLANT SCIENCES Note. We did not find any significant interaction other than the clone # fertilization interactions. FA = fluctuating assymmetry. a df = 4, 40. b df = 1, 4. c Results from MANOVA testing for the overall effects on final biomass; df = 12, 120 for clone and clone # fertilization, and df = 3, 2 for fertilization and defoliation.
d Results from MANOVA testing for the overall effects on leaf phenolics and sugars; df = 16, 160 for clone and clone # fertilization, and , 1 for fertilization and defoliation. df = 4 biomass and carbon allocation or developmental instability of Betula pubescens seedlings.
Fertilization improves nutrient availability and thereby reduces the need for an extensive root system. This may in turn change the patterns of carbon allocation between root and shoot: more carbon is allocated aboveground, which leads to lower root : shoot ratios (Å gren and Ingestad 1987; Rousi et al. 1996; Aphalo and Lehto 1997) . Of central significance is the fact that while increasing growth, fertilization also decreased concentrations of most classes of phenolic compounds in B. pubescens. Similarly, Lavola and Julkunen-Tiitto (1994) reported decreased tannin concentrations of fertilized silver birch (Betula pendula Roth) leaves, and Ruohomä ki et al. (1996) found reduced phenolics and condensed tannin concentrations in mountain birch (B. pubescens ssp. czerepanovii [Orlova] Hä met-Ahti) foliage with fertilization. However, fertilization did not affect concentrations of cell wall-bound proanthocyanidins. Obviously, the concentrations of proanthocyanidin needed for cell wall formation are not related to environmental conditions, a finding that opposes the general patterns revealed in reviews of Herms and Mattson (1992) and . On the other hand, the concentrations of gallotannins, soluble proanthocyanidins, and flavonoids followed the pattern predicted by CNB/GDB hypotheses (Bryant et al. 1983; Herms and Mattson 1992) . Growth receives allocational priority for resources in nutrient-rich environments, and relative growth rate and rates of secondary metabolism are inversely correlated (e.g., fig. 1 in Herms and Mattson 1992) . Previous studies have also found that individual phenolic groups have different responses to fertilization (Muzika and Pregitzer 1992; Muzika 1993) . Like Muzika (1993) and , we suggest that CNB/GDB hypotheses should take into account the variable effects of fertilization on the biosynthesis of individual groups of phenolics (see also Haukioja et al. 1998) .
Unlike fertilization, defoliation had no significant effect on biomass or carbon allocation. Some previous studies of birch phenolics have monitored increased levels with herbivory for mature trees (e.g., Wratten et al. 1984; Hartley and Lawton 1987; Ruohomä ki et al. 1996) , whereas others have shown that birch has a high capacity for compensatory growth (e.g., Danell et al. 1985) . The removal of source leaf area might have short-term effects on seedling growth and resource allocation, but this aspect has not been thoroughly investigated (Karban and Baldwin 1997) . In one experiment, Hartley and Lawton (1987) found higher levels of phenolics in mature (source) leaves 8 d after artificial damage in birch trees. It is possible that in our experiment the excess nitrogen provided seedlings with enough resources to grow vigorously in spite of defoliation. Furthermore, the lack of any effect on leaf biomass clearly indicated that the relatively lengthy duration of the experiment allowed the seedlings to replace the tissue that had been removed earlier. At the end of the growing season, we could detect a significant but marginal reduction in total biomass, which indicated that our treatment did have an effect but that the size of this effect decreased rapidly during the experiment. Thus, the impact of continuing fertilization was not mirrored by the impact of a one-time leaf defoliation.
Our study showed increasing leaf FA and growth with fertilization. Developmental instability is generally considered to be an indicator of stress, and individuals with asymmetric phenotypes can be characterized by poor overall performance (Møller and Swaddle 1997) . However, our results show that vigorously growing fertilized seedlings were more asymmetrical than were control seedlings. In this study, FA seemed to be caused by excess nitrogen, which led to increased growth and to an inability to control development. Similarly, greater developmental instability was detected in leaves of B. pubescens trees that had abundant resources available as a result of a breakage of apical dominance, which led to faster growth (Martel et al. 1999) . FA may thus be useful as a general indicator of developmental instability caused by either stressful or rich resource conditions, although FA was not sensitive or long-lasting enough to measure the effects of a one-time defoliation of source leaves. This finding is reinforced by the use of cloned seedlings in our experiment, since some genetic variants have the potential to be better buffered against environmental perturbations than do others (Freeman et al. 1993; Rettig et al. 1997) . In effect, our study found no genetic variation in fertilization-induced B. pubescens FA. This indicates that FA of B. pubescens leaves can be used as a general indicator of developmental instability, as has been suggested by Kozlov et al. (1996) . Our results are also in agreement with those of Wilsey et al. (1998) and of Wilsey and Saloniemi (1999) , who found little or no genetic variance among halfsib families of three birch species for FA.
In conclusion, birch seedling responses to fertilization were generally in line with previously stated hypotheses (CNB/GDB and hierarchical model), whereas defoliation of source leaves had only slight effects on final biomass. Betula pubescens seedlings grew vigorously in a nutrient-rich environment, which could contribute to the successful establishment and colonization of the species in the field. However, vigorous growth was associated with low concentrations of nonstructural carbon-based secondary compounds and high developmental instability. These two factors combined might have negative consequences in terms of resistance to herbivores and pathogens as well as in terms of internal regulation of growth and development.
